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bottom and oceanographic properties 

Martin Siderius, Mirjam Snellen, Dick 
Simons and Reiner Onken 

Executive Summary: 

In October 1997, the En Verse 97 shallow water acoustic experiments were 
jointly conducted by SACLANT Centre, TNO-FEL and DERA off the coast of 
Sicily, Italy. The primary goal of the experiments was to test rapid environmen- 
tal assessment (REA) techniques for shallow water. Most of the oceanographic 
REA methods discussed here are well developed and emphasis in this report is 
on determining the sea-bed properties through inversion of measured acoustic 
data. To develop an operational system, the REA techniques should be ca- 
pable of identifying sea-bed characteristics over large shallow water area§. In 
principle, using a towed source measured on receivers at a fixed location, range 
dependent bottom properties along a selected track could be estimated. The 
research presented here describes the first steps in developing such a technique. 
The En Verse 97 sound sources transmitted over a broad-band of frequencies 
(90-600 Hz) and the signals were measured on a vertical array of hydrophones. 
The acoustic data were continuously collected as the range between source 
and receiving array varied from 0.5-6 km. An extensive seismic survey was 
conducted along the track providing supporting information about the layered 
structure of the bottom as well as layer sound speeds. The oceanic conditions 
were assessed using current meters, satellite remote sensing, wave height mea- 
surements and casts for determining conductivity and temperature as a function 
of water depth. Geo-acoustic inversion results taken at different source/receiver 
ranges show sea-bed properties consistent with the range dependent features 
observed in the seismic survey data. Some of the issues addressed in this report 
are: the feasibility of towed sound source geo-acoustic inversions, applying the 
method to determine range dependent sea-bed properties, and the dependence 
of the inversions on frequency band and changing water volume. 
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An environmental assessment in the 
Strait of Sicily: Measurement and 
analysis techniques for determining 
bottom and oceanographic properties 

Martin Siderius, Mirjam Snellen, Dick 
Simons and Reiner Onken 

Abstract: 

In October 1997, the EnVerse 97 shallow water acoustic experiments were 
jointly conducted by SACLANT Centre, TNO-FEL and DERA off the coast 
of Sicily, Italy. The primary goal of the experiments was to determine the sea- 
bed properties through inversion of acoustic data. Using a towed source, the 
inversion method is tested at different source/receiver separations in an area 
with a range-dependent bottom. The sources transmitted over a broad-band 
of frequencies (90-600 Hz) and the signals were measured on a vertical array of 
hydrophones. The acoustic data were continuously collected as the range be- 
tween source and receiving array varied from 0.5-6 km. An extensive seismic 
survey was conducted along the track providing supporting information about 
the layered structure of the bottom as well as layer sound speeds. The oceanic 
conditions were assessed using current meters, satellite remote sensing, wave 
height measurements and casts for determining conductivity and temperature 
as a function of water depth. Geo-acoustic inversion results taken at different 
source/receiver ranges show sea-bed properties consistent with the range de- 
pendent features observed in the seismic survey data. These results indicate 
that shallow water bottom properties may be estimated over large areas using 
a towed source fixed receiver configuration. 

Keywords: Geo-Acoustic o Inversion o Matched Field Processing o Range 
Dependent Bottom o Towed Source o Strait of Sicily o Adventure Bank 
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Introduction 

The strong dependence of shallow water ocean acoustic propagation on sea-bed type 
has led to the development of inversion methods which use measured acoustic trans- 
missions to determine properties of the bottom such as its sound speed, density 
and attenuation constant. Ocean acoustic inversion methods have been developed 
based on the technique of Matched Field Processing (MFP) [1, 2, 3, 4, 5]. For MFP 
inversions, a propagation code is implemented on a computer to numerically simu- 
late the acoustic field for many hypothetical ocean environments. A search is then 
made for the environment that produces the best agreement between measured and 
simulated data. These inversions assume a geo-acoustic model of the experimental 
site which is made up of a number of environmental parameters. The agreement be- 
tween measured and simulated data, for a particular parameter set, is quantified by 
an objective (energy) function. Generally the parameter search space is enormous 
with many local optima. Hence, efficient techniques for solving MFP inversions have 
been developed which use global optimization methods such as genetic algorithms 
and simulated annealing [2, 5, 6]. Full-field acoustic inversion results, using experi- 
mental data, have demonstrated that measurements over a broad-band of frequencies 
improve the bottom parameter estimates [7, 8, 9]. A collection of papers describ- 
ing various full-field inversion methods are presented in [10]. The purpose of MFP 
inversion here is to determine a geo-acoustic model for the Adventure Bank (Strait 
of Sicily, Mediterranean) experimental site. This geo-acoustic model should be suit- 
able as input to propagation codes which can then predict, for example, acoustic 
transmission loss, multi-path arrival structures and reverberation levels. 

Experimental validation of MFP inversion methods have been applied to areas where 
the sea-bed was assumed to vary only with depth [9, 11, 12]. For a practical system, 
capabilities are needed for estimating sea-bed properties over large areas which are 
likely to have range and depth variability. Recently, range and depth dependent 
features of the sea-bed were determined from transmission loss measurements using 
a fixed sound source and receivers at five ranges between 8-40 km [13]. Properties 
of a range and depth dependent bottom may also be estimated using fixed receivers 
and a towed sound source. In the present paper, MFP inversion is extended to 
estimate sea-bed properties which vary both in range and depth by using measure- 
ments from a towed source on a stationary vertical receiving array. In principle, 
towed source measurements could be used for sea-bed identification over large shal- 
low water areas and the research presented in this paper describes the first steps in 
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developing such a system. An added level of complexity is introduced into a towed 
source MFP inversion as the exact experimental geometry (i.e. relative source and 
receiver positions) are known with much less precision than for a fixed geometry. 
Since the source is moving, it is not possible to ensemble average many acoustic 
realizations to improve data quality (i.e. remove acoustic fluctuations due to chang- 
ing water volume, changing surface roughness or ambient noise). Also, to validate 
the results, "ground-truth" for the sea-bed type needs to be established across the 
entire acoustic track. Some of the issues which will be addressed are: the feasibility 
of MFP inversions using a source towed over three hour periods on two different 
days, applying the method to determine range dependent sea-bed properties, and 
the dependence of the inversions on frequency band and changing water volume. 

Section 2 gives an explanation of the acoustic, oceanographic and seismic data col- 
lected. The water sound speed is one of the measured oceanographic quantities 
which is directly incorporated into the geo-acoustic inversion. The presented ocean 
current data are important as they have a strong influence the vertical array position 
which indirectly affects the geo-acoustic inversion. Other oceanographic quantities 
like sea-surface temperature and wave height are presented mainly to provide a full 
description of the environmental conditions under which the acoustic measurements 
were made. The seismic data presented in Section 2 give a set of alternative measure- 
ments which help validate the MFP inversion results. The MFP inversion method 
is outlined in Section 3 and also, in this section, the forward propagation model 
is described along with the objective function and genetic algorithm optimization 
routine. In Section 4 the results of the MFP geo-acoustic inversion are shown which 
includes an estimation of the inversion quality. 
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2 
The EnVerse 97 experiments 

The EnVerse 97 experiments considered in this paper were conducted on the south 
end of Adventure Bank [14]. The location of the measurement systems are indicated 
in Fig. 1. On October 22-23, 1997 both acoustic and oceanographic measurements 
were taken and the following sub-sections present the collected data. Details of the 
acoustic data collection and processing are presented as these are directly relevant to 
the MFP inversion. Although most of the oceanographic and seismic data analysis 
are not required for MFP inversion they are presented here to fully document the 
experimental conditions and, where applicable, to provide "ground truth" for some 
of the inverted parameters. 

2.1     Acoustic propagation, measurements 

Acoustic transmissions were made from a source towed near 50 m depth by HNLMS 
Tydeman of the Dutch Navy, with speed « 2.5 m/s. The experiments considered 
here are taken from transmissions between point F and the VA where the range 
between source and VA was 0.5-6 km (Fig. 1). The VA was bottom moored close to 
NRV Alliance, it contained 64 receiving elements, spanned 62 m and was centered 
near mid-water depth. On October 22, transmissions were made using a 200-800 
Hz sound projector, and on October 23, a 50-300 Hz projector was used. These 
will be referred to as the high frequency (HF) and low frequency (LF) sources re- 
spectively. Due to low signal to noise ratio only frequencies of 200-600 Hz will be 
considered for the HF source and 90-300 Hz for the LF source. The received pres- 
sure fields were first divided into snapshots of length 0.5 s for the HF data and 1 s 
for the LF data before Fast Fourier Transforming into the frequency domain. The 
length of the snapshots is determined by balancing the requirements of high signal to 
noise ratio and, for inversion modeling, the need to assume a fixed source position. 
For the inverse modeling described in Section 3, many of these snapshots are used 
which allows for estimating bottom properties and their uncertainty. The transmis- 
sion sequences are summarized in Table 1. These 10 minute sequences contained 
continuous-wave, multi-tone and linearly frequency modulated signals and were re- 
peated as the towed sources moved towards and away from the VA. In this paper, 
only one minute multi-tone transmissions, which occurred once in each 10 min se- 
quence are considered. A total of four of these one-minute transmissions, two LF (at 
distances of 1.5 and 3.5 km from VA) and two HF (at distances of 0.7 and 2.1 km 
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Figure 1 EnVerse 97 experimental region on Adventure Bank. Acoustic transmis- 
sions were made from a sound source towed by HNLMS Tydeman between points 
F and E and received on a moored vertical array of hydrophones (VA-shown as the 
blue square). The location of NRV Alliance (blue circle) and the current meter chain 
(blue triangle) are also indicated. The sea-bed types and bottom contours are taken 
from the SACLANTCEN geographical information system (GIS) [15] . 
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Table 1 Acoustic transmission sequences for October 22-23. Each continuous wave 
(CW) signal at the indicated frequencies was transmitted for 1 min. The multi- 
tone (MT) signals transmitted simultaneously the indicated frequencies for 1 min. 
Three linear frequency modulated (LFM) signals each of 1 s duration were swept 
over the indicated band of frequencies within the 1 min interval. The period of no 
transmission was used to monitor ambient noise. 

Date Sequence time (min) Signal type Frequency (Hz) 
October 22 

0-6 CW 200/300/400/500/600/800 
7-8 MT 200,300,400,500,600,800 
8-9 LFM 200-800 
9-10 No transmission 

October 23 
0-6 CW 40/55/90/130/200/300 
7-8 MT 40,55,90,130,200,300 
8-9 LFM 40-300 
9-10 No transmission 

from VA), are used in the geo-acoustic inversion. During the time to complete these 
one minute transmissions, the ship had sailed a total distance of about 150 m. 

2.2    Oceanographic measurements 

A series of oceanographic measurements were taken at the test site area. In addition 
to the inherent value of assessing the oceanographic conditions, these measurements 
and analyses are useful to determine the effects on both equipment (e.g. array tilt) 
and acoustic propagation. In the following sub-sections, these measurements are 
analyzed in conjunction with previous knowledge of this area. 

2.2.1 - CTD, XBT and XSV measurements 

On October 22, from 14:00 to 19:00 the NRV Alliance made conductivity, tempera- 
ture and depth (CTD) casts every 30-50 min while positioned near the VA to receive 
the radio telemetry. The next day, CTD casts were made at 7:02, 12:41 and 21:17 
in approximately the same location. From these, the sound speeds were computed 
and are presented in Fig. 2. The sparse temporal resolution of these CTD casts does 
not permit conclusions to be drawn about the physical processes contributing to the 
variations, however, the overall structure of the sound speed profiles is clearly repre- 
sented. The top layer (< 20 m) is homogeneous due to vertical mixing of the water 
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caused by surface wave motion and wind. Below the mixed layer to about 60 m there 
is a strong sound speed gradient which is primarily due to the water being warmed 
in the upper layers and is typical for summer and early fall. For comparison, a 
sound speed profile measured at a nearby location in October 1986 [16] and another 
one taken from climatology archive (NAVOCEANO GDEM [17]) are also displayed 
in Fig. 2. In 1986 the sound speed gradient was stronger and the sound speed was 
about 5 m/s higher in the top 40 m. These differences are primarily due to higher 
temperature in 1986. The climatology profile represents averages of temperature and 
salinity taken over 70 years (all in October). In comparison to both 1986 and 1997, 
the averaging process has weakened the gradient in the thermocline. Although the 
climatology sound speed captures the main features, the reduced gradient can have 
a strong effect on acoustic propagation. It is unlikely that a sound speed profile like 
the one from the climatology database would ever be found in that area. The impact 
of the different sound speed structure shown in Fig. 2 on acoustic propagation and 
geo-acoustic inversion will be investigated in Section 4.2. 

Between the points F and E (Fig. 1), expendable bathythermograph (XBT) probes 
were deployed from HNLMS Tydeman every 5-10 min to determine water temper- 
ature, and expendable sound velocity (XSV) probes were cast every 10 min, while 
the acoustic source was being towed. Using the salinity inferred from the conductiv- 
ity measurements, taken by Alliance, the sound speed was calculated for the XBT 
casts. In Fig. 3 the sound speed structure along the F-E track is shown with the 
main feature being the variable structure between the surface and about 40 m depth. 

In general, it is unlikely that detailed sound speed profiles will always be available 
for acoustic forward and inverse modeling. Although useful for determining the 
extremes at this experimental site, the ocean sound speed was not a large factor in 
the outcome or quality of the geo-acoustic inversions. This is discussed further in 
Sections 3 and 4. 

2.2.2    Current meter and sea surface temperature measurements 

Information on temporal changes of the vertical structure of currents and tempera- 
ture in the immediate vicinity of the vertical array is gained from a current meter 
mooring, which was deployed about 500 m west of the array (Fig. 1). The moor- 
ing was equipped with four current meters at nominal depths 24, 40,55, and 70 m, 
recording the magnitude and direction of currents and temperature in five-minute 
intervals from October 22, 13:30 to October 23, 22:30. The time series of currents 
(Fig. 4) show that at the upper three levels the meridional component of the current 
is always negative, i. e. directed to the south. The mean heading at the 70-m level 
(-192°) is also nearly south, but here the fluctuations are stronger than above. The 
mean speed is steadily decreasing with depth, from 27 cm s_1 at the 24-m level to 
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Figure 2    Sound speed profiles for Adventure Bank.    CTD measurements taken 
from the NRV Alliance are shown in blue and red. Blue lines indicate profiles taken 
every 30-50 min from 14:00 to 19:00 on October 22.   Red lines are the profiles 
taken at 1:02, 12:41 and 21:17 on October 23. Black, dashed line is taken from the 
climatology database for October and black, solid line is a measured profile taken at 
a loca tion near the experimental site in October 1986. 
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Figure 3 Sound speed structure along F-E track taken from XBT and XSV probes 
deployed from HNLMS Tydeman. The XSV measurements are indicated with an 'X' 
on the most shallow point of the profile. The bathymetry is also shown as the solid 
line with tick marks indicating the location of the XSV or XBT cast. The inset scale 
for the sound speeds can be applied to all profiles by aligning the left edge with the 
tick marks on the bathymetry line. The vertical array (VA) position for October 22 

is also indicated. 
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6 cm s-1 at 20 m. At all levels, both the direction and the current speed are subject 
to fluctuations exhibiting a high degree of vertical coherence. It is conjectured that 
these fluctuations are caused by tides, but they could also be due to other physi- 
cal processes, such as inertial oscillations or traveling meanders. The temperature 
(bottom panel of Fig. 4) is decreasing with depth and fluctuating at all levels. The 
fluctuations may be either caused by horizontal advection of different temperature, 
tides, internal waves or vertical displacements of the temperature sensors, which 
cannot be decided here. The fact that the amplitude of the fluctuations at the most 
shallow level is about 3 to 5 times greater than below is due to the larger vertical 
temperature gradients. 

Fig. 5 displays the horizontal distribution of currents in an area located about 70 
km north of the current meter mooring. Those currents were measured by a ship 
mounted Acoustic Doppler Current Profiler (ADCP) on-board Alliance over the 
period of time from October 21, 17:50 to October 25, 20:00 in ten-minute intervals 
with a vertical resolution of 8 m. In order to reduce the amount of data, the 
measured profiles were first vertically averaged between 18 and 90 m depth, and 
then the irregularly spaced data were mapped on a regular horizontal grid with 
mesh size 0.01° x 0.01° using two-dimensional objective analysis. This technique is 
widely used in meteorology and oceanography to perform a linear estimation of a 
scalar or vector field on a geographical grid from observational data using a minimum 
error variance method [18]. Fig. 5 shows a coherent pattern of strong southward flow 
extending at least over 10 km in zonal and about 30 km in meridional direction, and 
there are good reasons to assume that both the currents measured by ADCP and by 
the mooring farther south are part of a large scale persistent pattern of southward 
flow. 

The latter is supported by an infrared image of sea surface temperature (SST) taken 
by the satellite NOAA14 on October 22. Fig. 6 shows that SST lies between 22 and 
23°C over large parts of the area, however, it is up to 4°C lower offshore the southwest 
coast of Sicily. The cold water is found in a stripe parallel to the coast about 20 
km wide, a lobe of approximately the same width extending 80 km south from the 
western tip of Sicily, and in a circular patch of roughly 40 km in diameter centered 
at about 37.4° N, 12.5° E on the eastern slope of Adventure Bank. Although it is 
generally impossible to draw conclusions on the horizontal flow field from SST alone, 
it is legitimate in this special case, because the situation is similar to those found 
in previous surveys. According to Refs. [19, 20], the eastern slope of Adventure 
Bank is the favorite site of a quasi-stationary cyclonic (counterclockwise rotating) 
vortex, which appears as a cold circular patch in SST due to upward bending of 
isotherms. Frequently, this cold patch is connected to the western tip of Sicily by a 
cold ribbon of SST like in the present case. The associated flow pattern is such that 
the currents are to first order aligned parallel to the iso-lines of SST. Hence, from 
the SST pattern one should expect a regime of southward flow between the Egidian 
Island archipelago and the site of the VA. This is consistent with the measurements. 
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Figure 4 Time series of currents (top panel) and temperature (bottom) of the 
current meter mooring positioned in the immediate vicinity of the acoustic vertical 
array. The nominal instrument depths of 24, 40, 55, and 70 m are indicated in each 
panel. T and v denote the mean direction and speed of the current averaged of the 
measurement period. The lower and upper limits of the time axis are October 22, 
12:00 and October 23, 24:00, respectively. Measurements were taken in five-minute 
intervals. Left most gray shaded bar indicates the time windows of the HF acoustic 
transmissions and center shaded bar for the LF transmissions (data taken during 
the time window indicated by the right side shaded bar are not considered here). 
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Figure 5    Vertically averaged currents measured by ship mounted ADCP. 
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Figure 6 Sea surface temperature near the south-west tip of Sicily. The red line on 
the figure denotes the acoustic transmission track at points F and E with VA showing 
the vertical receiving array position. Note the circular region of cold temperatures to 

the north-east of track FE. 
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2.2.3    Waverider measurements 

A waverider buoy for recording surface wave heights was positioned about 35 km 
north-west of the VA. Figure 7 shows the spectra obtained using 20 minutes of data 
recorded on October 22,23 and 25. For comparison, also the JONSWAP spectrum, 
typical for shallow waters [21], and the Pierson-Moskowitz spectrum, typical for 
deep waters [22], have been determined from the prevailing wind speeds. Notice, 
for October 22, there is very good agreement between the spectrum determined 
from the data and the Pierson-Moskowitz spectrum. The spectrum on October 23 
shows several peaks, indicating the presence of different surface wave fields. The 
high frequency part of the October 23 spectrum is also well fitted by the Pierson- 
Moskowitz spectrum. Other data are well fitted by the JONSWAP spectrum, e.g 
the data shown for October 25. 

The significant wave height is calculated by taking four times the standard deviation 
of the waverider time series. The mean wave period Tm is determined according to: 

    fP(f)df 
m     IfP(f)df {i) 

where P(f) is the corresponding wave height temporal-frequency spectrum. Figure 
8 shows the resulting significant wave heights and the mean wave periods. 

Since the significant wave heights are much less than the acoustic wavelengths used 
during the experiments, this is not expected to greatly impact the acoustic signals. 
The evolution of the acoustic signals with time on the VA are consistent with the type 
of changes expected for a towed source and there were not large sudden changes as 
might be expected if a time variable sea-surface were greatly influencing the acoustic 
signals or instrumentation. It is also likely that the downward refracting sound speed 
profile reduced sea-surface effects on the acoustics. 

2.3    Seismic analysis 

Seismic profiling was conducted along the acoustic track between points F and E. An 
impulsive broad-band signal (Boomer type source, 300 Hz-12 kHz) was transmitted 
and received on a ten channel horizontal towed array. The beamformed output signal 
was used to produce Fig. 9, which shows the bathymetry and, in colored lines, the 
strong reflectors due to the layers in the bottom. The layers have variable thickness 
ranging from 0-10 m (assuming a sediment sound speed of 1600 m/s). The squares 
in Fig. 9 indicate the transmission positions for the two high frequency multi-tones 
considered here (0.7 km and 2.1 km from VA) and the locations of low frequency 
transmissions are indicated by circles (1.5 km and 3.5 km from VA). 

13 
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Figure 7 Sea surface wave spectra (solid lines) as determined from 20 min of data 
recorded on October 22 (prevailing wind speed of 8 m/s), October 23 (5 m/s) and 
October 25 (8.5 m/s). Also shown are the JONS WAP (dotted line) spectrum and 
the Pierson-Moskowitz spectrum (dashed line), calculated from the prevailing wind 
speeds. 
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Figure 8 Significant wave heights Hs and mean wave periods Tm calculated for 
each 20 minutes of data on October 22-23. Indicated with vertical dashed lines are 
the times during which tracks FE (HF transmissions) and EF (LF transmissions) 
were sailed. 
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Figure 9 The results of the seismic analysis up to 4 km north-west of the VA 
(towards F). The squares indicate the transmission positions for the two high fre- 
quency multi-tones considered here (0.7 km and 2.1 km from VA). The locations of 
low frequency multi-tone transmissions are indicated by circles (1.5 km and 3.5 km 
from VA). The black, vertical line on the right side of the diagram shows the VA 
position. In the vicinity of the VA, the first significant layer is shown as a gray line. 
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2.3.1     Wide angle reflection analysis 

In May 1999, a repeat seismic survey was performed over exactly the same track 
between points F and E (Fig. 1). A Boomer type sound source was used and the 
signals were received on a multi-channel streamer. This streamer consisted of eight 
groups of hydrophones, i.e. eight channels, and had a total length of 32 m, a group 
interval of 4 m and a group length of 3.8 m. Using a multi-channel streamer not 
only gives information on the layering in the sea-bed, but also gives information 
on the sound speeds of the different layers as will be explained in the following 
(see [23] for a more detailed explanation). Consider reflection at a certain layer. 
The subsurface point at which the signal, from a particular shot and received by a 
particular streamer channel, is reflected lies at half the horizontal distance between 
the source position and the position of the channel. Such points are called Common 
Depth Points (CDP). The source shot interval can be selected such that each CDP 
is shot more than once, with a maximum of n shots for a n channel streamer. Here, 
n is called the fold of the data. From Fig. 10 it is clear that for a n-fold coverage the 
firing interval should correspond to half of the distance between adjacent channels 
in the streamer. 

Ordering the returned signals to CDP, i.e. selecting all returned signals that cor- 
respond to a particular CDP (eight in this case), results in reflections that line-up 
along hyperbolae. This hyperbola can be described using an analytical expression 
which depends on the differences in travel time from the source to the different re- 
ceiver groups for the bottom reflected paths. An estimate for layer thickness and 
velocity is made using the analytical expression for the hyperbola which relates these 
quantities to the travel time. 

Figure 11 shows the results of this multi-channel seismic analysis. A first reflector 
is identified over the entire track (at a depth ranging from 5 to 15 m). Comparing 
Fig. 11 from 0-4 km with Fig. 9, it can be seen that the top layers do not vary in 
thickness as much as indicated with the wide angle data. This is a consequence of 
the processing and analysis techniques used to generate these two figures. For Fig. 9, 
the layers are more easily identified by continuity (and then indicated with lines) 
once the data are lined up in range. However, with the wide angle reflection data 
in Fig. 11, each ping is processed to find a strong reflector, and estimate this layer 
velocity. Unfortunately, this allows for the possibility of a strong lower reflector to 
sometimes be chosen instead of an upper layer. Although this gives a false impression 
of the layering, the sound speed estimates are still valid and should be applied as the 
average sound speed in the layer (in the region above the reflector) as defined by the 
wide angle reflection. The mean sound speed in this first sediment layer is 1591 m/s, 
with a standard deviation of ±32 m/s. At the second part of the track, towards 
point F, a second reflector is found at an average depth of 40 m (but with, ±10 m). 
The second identified layer has an average sound speed of 1710 m/s ±70 m/s. 
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SEALEVEL      S<t2)    S(t1) cM-^ ch1(t1) ch2-(t2) ch2(t1) ch^t2) ch3(t1) 

Figure 10 Multi-channel seismic analysis. S(tl), S(t2) are the source positions at 
times tl and t2, respectively. The different channels are denoted by chl, ch2, etc. 
at times tl and t2. 
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Figure 11 Multi-channel seismic analysis results: layer speeds and layer thick- 
nesses. VA is at range 0, positive range values correspond to the North- West of the 
vertical array (towards point F), negative range values correspond to the South-East 
of the vertical array (towards point E). Top panel gives the estimated layer speed in 
the first and second layers. Lower panel gives the estimated thickness of the first and 
second layers. 
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3 
Acoustic inversion method 

The process of estimating the acoustic properties of the sea-bed by way of matched 
field inversion can be broken down into the following components: 

• Measure the acoustic field in a given area. 

• Choose a suitable forward propagation code to simulate the acoustic field. 

• Parameterize the experimental site with a geo-acoustic model which can be 
implemented in the forward propagation code. 

• Determine an objective function to quantify the agreement between measured 
and simulated data. 

• Select an efficient algorithm to search for the set of environmental parameters 
(e.g. sea-bed sound speed, density and attenuation) which produces the lowest 
objective function value. 

• After determining the environment giving the lowest objective function values, 
estimate the quality of the inversion (error analysis). 

The previous section described the experimental measurements and the following 
subsections give details on the rest of the inversion process. 

3.1     The forward acoustic propagation 

Assume a time-harmonic exp (-tut) point source in a cylindrical geometry posi- 
tioned at range r = 0 and depth z = zs. The pressure field p(r, z) satisfies the 
Helmholtz equation and if the medium varies only with depth, the down-range so- 
lution can be found by separation of variables. In this case, the normal modes 
(eigenfunctions), yn(z), with corresponding horizontal wavenumbers (eigenvalues), 

krn, satisfy the depth equation, 

p{z\ 
d 
dz lp(z) d: -*n(z) + 

u 
 jfc2 

c{zf       rn Vn(z) = 0, (2) 
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where p{z) is the density and c(z) the total sound speed profile in the water and 

wt r;asrf I25 eThe norm
t
alHTd:functions and Wontai —b- wnich satisfy (2) can be approximated by finite-difference solution techniques Tak- 

mg the outgoing solution to the range separated equation and using the asymptotk 
approximation for the Hankel function of the first kind, the pressure field "educes 

,     ,        exp(if) 
p(r, z) = fv 4 / , 

p(zs)VS7rr 

N 

£■ 
n=l Hn 

Vn(0,zs)yn(r,z)exv(i7n). (3) 

Here the near-field is not of interest so the summation in (3) is taken over a finite 
num er of N discrete modes and the highly lossy continuous i^Z^Z 

To allow for propagation over mildly range dependent oceanic waveguides th   nor- 
mal modes m (3) have been extended to functions of range and depth and 7   repre 

™1f [U]:T^5 « the so-called adiabatic approximation which asserts that the 
modes travel independently of each other but are allowed to modify their shape and 
phase as they propagate to accommodate changes in the waveguide. If^Äim 

ZXmZ* ITare takT 'T,account by first order v^Jl^Z «il^^ r
+T

ns real whlle a smaU imaginary term is added to ** 

3.2 The geo-acoustic model for Adventure Bank 

Although the seismic profiling discussed in Section 2.3 shows complicated bottom 
tructure, a simple two layer model is often sufficient to describe the bottom acoT 

ücally. Some justification for the two layer approach can be obtained from olXnS 

to a geo-acoustic benchmarking workshop case [26, 27]. In that benchmark case 
MFP inversions of simulated data, using a two layer model, reasonably fit tlL prop- 
erties of a multi-layer bottom in a least-squared sense. Therefore, the geo-acousl 

sTb bltt r t\ t inVerSi°nS iS that °f a S^e sedim^ Wer oLly it a 
sub-bottom (Fig. 12)   The sound speed in the sediment is assumed to vary Hneariy 

ltitvePa d Tt /* IS taken t0 ^ depth independ6nt * ** -b-bottom The 
t7ltttTUTT Tv rm?d-dePth ind6Pendent *™# both the sediment 
2t::llZZ.      ^ 2 hStS 6aCh mVerSi0n Paramet6r and the *« of *«■ in 
A single water sound speed profile was chosen for each of the inversions. After some 
preliminary investigation, it was determined that the outcome of the geeicons« 

~;zzgTTty depend?on thrrticuiar sound speed ^ ^ tne water co umn. Therefore, water sound speed profiles taken at times closest to 
the acoustic transmissions were used for the inversions. 
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IT- .12 The Adventure Bank geo-acoustic model and experimental configuration. 
5K ^cat^aticall the sound speed Sstnbution.nthe Water, >n the 

sediment and in the sub-bottom. For the nomenclature, see Table 2. 

Table 2   Inversion parameters, labels and search intervals of the geo-acoustic model 
ToTsLZo-acoLic parameters and the bottom five are geometncal pararrreter. 

Parameter Description (TO) 

Sediment speed at water interface (m/s) 
Sediment speed at sub-bottom interface (m/s) 

Sediment thickness (m) 
Sediment and sub-bottom attenuation (dB/A) 
Sediment and sub-bottom density (g/cm3) 

Sub-bottom speed (m/s) ,  
Depth of sound source (m) 
Range for sound source-VA separation (+offset m) 
Water depth change from assumed value(± m) 

VA tilt (± degrees) 
VA vertical translation (± m)  

Cl,sed 

C2,sed 

i^sed 

a 

P 
Cb 

Search Bounds 

0 
hi 

1500-1750 
1500-1800 
1-50 
0.0-1.0 
1.0-2.3 
1515-1900 
20-80 
0-2000 
10 
10 
5 
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3.3    Matched field objective function 

The objective (or energy) function quantifies the agreement between the simulated 
and measured acoustic fields. The objective function chosen here is based on the 
incoherent multi-frequency Bartlett processor [28]: 

£(™) = i -1E IP(A) ■ Ps Vk, ™)l2 (4) 
fc=l 

where, " • " indicates an inner product of the pressure vectors (over depth), ra is 
the vector containing the parameters over which the inversion is performed, K the 
number of frequencies, p(fk) the measured pressure field vector at frequency fk and 
Ps *(fk,™) the conjugated, simulated pressure field for parameter set m. To obtain 
objective function values between 0 and 1, the inner product in (4) is divided by the 
normalization factor \J\p\fk)\2\Ps{fk-, w)|2. Minimizing this energy function will lead 
to the parameter set corresponding to a simulated pressure field ps(/fc,m) having 
maximum correlation with the measured pressure field p(fk)- 

3.4     The Genetic Algorithm 

The objective function given by (4) typically has many local minima. Global search 
methods such as genetic algorithms or simulated annealing are useful to find the 
optimum set of parameters corresponding to the true minimum value of (4) [5, 6, 29]. 
The basic principle of a genetic algorithm is as follows: First, an initial population 
of parameter combinations, m, is created randomly; the first generation. Out of 
the initial population, the most fit members (i.e. those with the lowest objective 
function value) have the highest probability to be selected as "parents". From 
the parents, "children" are obtained by the operations of crossover and mutation. 
The crossover operation can, with probability 1 — Px duplicate one of the parent's 
parameters in m, or, with probability Px perform a bit crossover of the two parents. 
That is, using bit string representations of the parameter values, form the child's 
string by taking part from one parent and part from the other. The mutation 
operation makes a change of a single bit in the parameter value string to allow for 
better exploration of the parameter space. Part of the children are then used to 
replace the least fit members of the initial population creating the next generation. 
Successive generations become increasingly fit and the process is continued until the 
optimization process has converged. 
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3.5    Quality of the inversion results 

Estimates for the optimum values of the parameters can be derived from the mem- 
bers of the final genetic algorithm population. This can be done by taking the 
parameter combination with the lowest energy function value. This solution to the 
inverse problem will be referred to as GAbest- An alternative method is to calculate 
the so-called a posteriori mean values [5]. These are given by, 

J 

GAmem(rh) = 53 "*i a(nb) (5) 
i=i 

with 
=      exp[-E(m3)T- } 

1   ''     Ef=iexp[-£(iü,-)r-i] 

The summations in (5), (6) are over J solutions from the final GA populations, 
where, J is the product of the population size with the number of independent GA 
runs (here, J = 64 x 5 = 320). Following [5], T is set equal to the average of E over 
the 50 best members. Generally, it is useful to calculate both GAbest and GAmean, 
since a significant difference between these two indicates either a flat or ambiguous 
distribution and the parameter value is not well determined. 

An estimation of the errors can also be obtained by evaluating inversions for several 
snapshots of the one minute multi-tone data sets. Although the source was moving 
during the transmissions, it is assumed that changes in the bottom properties are 
negligible over this short distance. Therefore, by inverting many snapshots, an 
estimate of the uncertainty in the results can be made. The mean of the GAbest 
solutions taken over snapshots of data is used to estimate the parameter value and 
the standard deviation to estimate the error. At least nine snapshots were used for 
each inversion to make these estimates. 
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4 
Results and analysis 

Matched field inversion, using the method outlined in Section 3, was used to deter- 
mine the bottom properties for th'e Adventure Bank site at the four range positions. 
Figure 13 shows the inversion results for the different snapshots of high frequency 
data (HF) at the 0.7 km range position. At each of the four range positions (HF- 
0.7 km, LF-1.5 km, HF-2.1 km, LF-3.5 km) similar sets of inversion results were 
produced for all the snapshots of data. These results are put in summary form in 
Table 3 for the geometrical parameters and Table 4 for the geo-acoustic parameters. 
Presented in these tables are the average and standard deviation for GAbest values 
taken over all inverted snapshots of data at each range. 

4.1    Assessment of the inversion results 

A comparison between GAbest and GAmean, for any single snapshot of data, gives 
insight into the quality of the inversion. For a given parameter, a large difference 
between these two indicates a flat or ambiguous distribution of values (i.e. several 
peaks all with low objective function values). Whereas, agreement is an indication 
that there is one sharply peaked minimum. With this criterion, it was ascertained 
that the geometrical parameters and ci,se<£ were well determined for nearly all snap- 
shots. Parameters C2,sed and cj, are not as well resolved and hsed, a and p even 
less.   This essentially gives an indication of the sensitivity of each of the inverted 

Table 3 Geometrical parameter estimates for inversions at 0.7, 1.5, 2.1 and 
3.5 km. The results are the average and standard deviation for GAbest values taken 
over all inverted snapshots of data at each range. Differences from the direct mea- 
surements of source range (rs), source depth (zs), water depth (Hw), array tilt (9) 
and array translation (h\) are indicated as Ars, Azs, AHW and A9 and Ah\. 

Range-Band Ars (m) Azs (m) AHW (m) A9 (deg) Ahi (m) 
0.7 km, HF -2.9 ±26 -2.5 ±1.1 4.8 ± 2.4 -0.4 ±1.2 1.2± 1.6 
1.5 km, LF 58 ± 72 1.8 ±1.9 0.5 ±2.1 0.5 ±1.1 3 ±0.8 
2.1 km, HF 40 ±21 -4.8 ±0.4 2.8 ±0.8 -1.8 ± 1.1 0.5 ±1.0 
3.5 km, LF 105 ± 280 -4.2 ±1.3 1.7 ±5 0.1 ± 1.0 2.2 ± 2.3 
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Figure 13 The inverted parameter values for the high frequency source (HF) at 
the 0.7 km range position. Each of the circle/star values represents the result of 
inverting 0.5 s of data. The circles denote the GAbest solutions, and the stars denote 
GAmean results. The solid green lines are the mean values of GAbest and the dashed 
lines indicate the GAbest standard deviation. The red line on the rs plot shows the 
estimated source range position using ship's navigation. The y-axes indicate the 
search bounds. 

Table 4 Geo-acoustic parameter estimates for inversions at 0.7, 1.5, 2.1 and 
3.5 km. The results are the average and standard deviation for GAbest values taken 
over all inverted snapshots of data at each range. 

Range-Band 
0.7 km, HF 

ci,,ed (m/s)    c2,sed (m/s)      cb (m/s)    hsed (m)       a (dB/A)      p (g/cm3) 
1580 ±32       1732 ±36    1797 ±49      25 ± 16    0.68 ± 0.26    1.92 ±0.29 

1.5 km, LF 
2.1 km, HF 
3.5 km, LF 

1641 ±16       1746 ±46    1813 ± 51      31 ± 12    0.43 ±0.16    1.46 ±0.18 
1572 ±63       1733 ±44    1805 ± 45       5.7 ±2    0.92 ±0.11    1.62 ±0.13 
1576 ±33       1749 ±47    1840 ± 62        11 ±5    0.91 ± 0.08    1.28 ± 0.17 
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parameters. Lower sensitivity indicates that the parameter value is more difficult to 
extract and therefore is less significant with respect to acoustic propagation. The 
standard deviations in Tables 3, 4 give a more quantitative estimate of the errors 
associated with each inverted parameter value. 

4.1.1    Analysis of the geometrical parameter estimates 

In general, for all inversions, the geometrical parameters ( r3, za, Hw, 9 and h\) are 
well determined as indicated by the agreement between GAbest> GAmean and their 
relatively low standard deviations. This is not a surprising result since, typically, 
altering the geometry causes large changes in the down-range pressure field which 
consequently impacts eq. (4). For this reason, the geometrical parameters usually 
converge quickly. Since the geometry of the experiment is known from direct mea- 
surements, comparing this with the inverted geometry is a valuable sanity check 
of the entire inversion process. For convenience, the differences between measured 
and inverted geometry values Ars, Azs, AHW, A9 and Ahi are listed in Table 3. 
The source range has been estimated using a Differential Global Positioning System 
(DGPS) on-board HNLMS Tydeman (plus offset for the tow cable distance) and 
the value is in good agreement with the inversion results. This position is indicated 
by a red line on the ra plot in Fig. 13. The source depth was approximated by a 
pressure sensor on the tow-body and, on October 22, was 47 ± 2 m and on October 
23, 50 ± 2 m. These zs values are also cpnsistent with the inversion results. The VA 
position (i.e. depth of the hydrophones) from the inversion agrees well with that 
measured before deployment on October 22 and 23. The bathymetry taken from 
echo-soundings and presented in Fig. 3 is range dependent with water depth about 
100 m near the VA. The inversion results for AHW are within acceptable limits of 
the known bathymetry (i.e. < 5 m). 

4.1.2    Analysis of the array tilt estimates 

Two methods were used to estimate the VA tilt (9). The first method uses the 
matched filtered output of linear frequency modulated (FM) signals transmitted 
within one min of the multi-tones used for inversion. The FM signal was one second 
in duration and swept the band 200-800 Hz (Table 1). On October 22, 1997, in 
total nine FM sweeps were transmitted at distances of « 0.5, 2 and 3.6 km from the 
VA. Figure 14 shows, for these three distances, the received signals after matched- 
filtering. The x-axis represents lag-time of the matched filter output and not absolute 
arrival times. These figures show the time dispersion between different arrivals. 
And, from these matched-filter outputs, an estimate for array tilt is obtained by 
considering relative delays in the first arrivals along the VA. From these figures it 
was estimated that the top of the VA was tilted « 7°± 1° away from the source. This 
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corresponds to about a 7.6 m displacement in range between the top and bottom 
hydrophones. A similar analysis of the FM data for October 23, 1997 was performed 
resulting in an estimate for the tilt of about 3° ± 1° in the same direction which 
corresponds to about a 3.2 m displacement in range between the top and bottom 
hydrophones. These tilt values agree in both magnitude and direction with the 
inverted values. 

The second method for estimating tilt was by inference of the measured ocean current 
magnitude and direction near the VA (currents shown in Fig. 4). Here, a hydro- 
static model of the VA system is used considering, among other factors, the VA drag 
and the buoyancy of the sub-surface float [30]. In Fig. 15, the estimated VA shape 
is shown using measured ocean currents data from October 22-23. These values are 
slightly lower than those found using the matched-filter response and MFP inverted 
values. The reason could be underestimation of the drag of the VA and mooring. 
However, the hydro-static model correctly predicts the direction of tilt and shows 
the approximate change in tilt between October 22 and 23. The model also gives 
an impression of the VA shape. The acoustic propagation model always assumes a 
straight VA even if it is tilted, and from Fig. 15 it seems a reasonable approximation. 

4.1.3    Analysis of the geo-acoustic parameter estimates 

The geo-acoustic inversion results (Table 4) taken from data at different ranges and 
frequencies are not entirely in agreement with each other. Complete agreement 
between the four inversion results would be inconsistent with the known range de- 
pendence of the track. Note the value for citSed taken from the LF multi-tone signal 
at 1.5 km range. A much higher sound speed value was found compared with the 
other inversions. The probable cause is found in the layering of the bottom (refer 
back to Fig. 9). Near the VA, the first significant layer has thickness of about 6 m 
(shown as a gray line in Fig. 9). Moving from the VA along the acoustic track, 
this surface layer decreases in thickness and then increases again. At about 1.5 km 
from the VA, the layer nearly disappears. At this point, the inversion results show 
a marked increase for cljSe^. Note, however, for the nearby 2.1 km HF inversion the 
value Ci:Sed = 1580 m/s along with hsed = 5.7 m. It is likely that the higher fre- 
quency acoustic data inversion is capable of resolving the thin surface layer whereas 
the low frequency inversion is not. Since the shortest wavelength in the LF inversion 
is 5 m, it is unlikely that this layer has great influence on acoustic fields at these 
frequencies. That is, the surface layer is much thicker, with respect to wavelength, 
for the high frequency signals compared to the low. At 3.5 km, this surface layer 
becomes thicker, to nearly 10 m, and the value found from the LF inversion there is 
ci,sed = 1576 m/s which is in much better agreement with the 0.7 km HF result of 
1580 m/s and the 2.1 km result of 1572 m/s. 

Additional support for the inverted values of cljSed is given by the wide angle reflec- 
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Figure 14    The matched-filter outputs for FM's transmitted on October22, 
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Figure 15 Estimated VA displacement as a function of depth for October 22 (top) 
and October 23 (bottom). Star (*) indicates depth of the sub-surface buoy and di- 
rectly below, the + mark indicates the depth of the shallowest hydrophone and the 
next + mark indicates the depth of the deepest hydrophone. The lower four + marks 
indicate link points for VA electronics modules and cables. 
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tion results in Section 2.3.1. With wide angle reflection, the average sound speed 
in the top layers is estimated at points where a strong reflector is identified below. 
Figure 11 identifies two reflectors at the depths indicated and the corresponding ve- 
locities within those layers. The values show variability along the track with average 
sound speed of 1591 m/s with 32 m/s standard deviation which is in keeping with 
the MFP inversions. There are notable points along the track with sound speed as 
low as 1540 m/s and as high as 1650 m/s. The wide angle reflection analysis gives 
the average speed within the layer which compares well with the MFP results. It is 
important to note that the wide angle seismic analysis gives layer sound speeds at 
points along the track. The MFP inversion data may be weighted by the bottom 
properties near the sound source or VA, but because the propagation is over long 
ranges in comparison to the wide angle data, it gives a more (range) integrated 
prediction for the bottom properties. 

The inverted values of hsed should be interpreted carefully. The multi-layer structure 
of the bottom (and the range dependence) is not included in the geo-acoustic model. 
Therefore, hsed represents a break-point, setting a depth in the bottom below which 
is considered homogeneous and above which is fit with the sound speed gradient 
determined by CijSe([ and c2,sed- At 0.7 km (HF), and at 1.5 km (LF) deeper values 
are found for h3ed compared to 2.1 km (HF) and 3.5 km (LF). There is evidence from 
the seismic analysis that the top layer is thinner and there are fewer lower layers at 
the longer ranges. The regions beyond about 2 km may be adequately approximated 
by setting the "basement" at a lower hsei value. Further analysis of the HF and 
LF inversion results and the relationship with sediment sound speed and thickness 
is provided with numerical simulations in Section 4.3. 

The attenuation is not extremely well resolved in the inversions here but the results 
set bounds within 0.4-0.9 dB/A. Like the sound speeds, the attenuation indicates 
range dependent properties of the bottom. The 0.7 km and 3.5 km inversion results 
tend towards an attenuation constant similar to sand materials which has a typical 
value of 0.8 dB/A [24]. The lower attenuation value found at 1.5 km is consistent 
with harder (faster) materials in accordance with the inversion values for c1)Se<2. 

The density values do not seem consistent with the range dependent seismic profiles 
or the material types. This parameter was not well determined in the inversion. 
The density has a small influence on the acoustic field and is therefore difficult to 
determine to high precision with this MFP inversion method. For the same reasons 
it usually has little importance for acoustic prediction. 

The overall agreement between the direct measurements and MFP inverted param- 
eter values gives indication that the inversion is of good quality. It is difficult to 
establish "ground-truth" values for all the bottom properties but the seismic analysis 
provides supporting evidence that the inverted geo-acoustic parameters are reason- 
able and consistent.   The results indicate bottom properties which are similar to 
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sand materials over rock. These are in agreement with that expected from looking 
at archived data (Fig. 1) and other analyses in the Adventure Bank area [31]. 

4.1.4    Measured and simulated acoustic field comparison 

Another check of the quality of the inversion is the direct comparison of the simulated 
and measured acoustic fields. Fig. 16 shows measured and simulated transmission 
loss (TL) for one snapshot from each of the 0.7 km HF and 2.1 km multi-tone sig- 
nals. The simulated TL is taken using the GAbest environment determined through 
inversion. Even though the objective function given by (4) uses normalized complex 
pressure fields, which is not sensitive to absolute level, the simulated fields compare 
well with the measured TL. Presented in Fig. 17 are the measured and simulated 
pressure fields (normalized magnitudes) taken from LF snapshots at 1.5 km and 
3.5 km source ranges. These simulated fields also use the environment determined 
from the GAbest for that snapshot of data. The LF source did not have adequate 
calibration data and these fields are therefore normalized and not on an absolute 
pressure scale (or TL). 

4.1.5    Backpropagation ambiguity surfaces 

As a final check of the inversion data, matched field ambiguity surfaces are gener- 
ated [28]. These surfaces are generated by taking hypothetical source positions at 
all points within a region of the waveguide and simulating the resulting acoustic 
field on the VA. Each of the fields are correlated with the measured pressure field 
according to 1 — E(mave) where E is taken from (4) and rhave is the averaged en- 
vironment given in Table 4. This is equivalent to a normalized "backpropagation" 
of the measured pressure field from the VA back into the waveguide using the en- 
vironment found by inversion. Each pixel in the images can take a value between 
0 and 1. If the field re-focuses at the true source location, i.e. have a region with 
high pixel values with little or no ambiguity, it is an indication that the environment 
is well characterized for acoustic propagation at those frequencies. The ambiguity 
surfaces are shown in Fig. 18. There are extremely well focused fields near the true 
transmission locations. There is a slightly lower objective function value for the 
2.1 km-HF transmission but with a maximum near the true source location. There 
is also more ambiguity (or side lobes) for the 1.5 km and 3.5 km transmissions which 
is typical for low frequency data. 
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Figure 16 Experimental (solid) and simulated (dashed) HF transmission loss data 
along the VA at the indicated frequencies. Top is from 0.7 km source range, bottom 
from 2.1 km. 
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Figure 17 Experimental (solid) and simulated (dashed) LF pressure field magni- 
tudes along the VA at the indicated frequencies. Top is from 1.5 km source range, 
bottom is from 3.5 km. 
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Figure 18 Ambiguity ("backpropagation") surfaces for one snapshot from each of 
the four source range positions. Range and depth windows are indicated on the x and 
y axes. Top left: 0.7 km range position HF transmission. Top right: 2.1 km range 
position HF transmission. Bottom left: 1.5 km range position LF transmission, 
Bottom right: 3.5 km range position LF transmission 
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Figure 19 Sound speeds for Adventure Bank. Top left is the reference profile 
taken at 14:07 on October 22, 1997 and is shown as a solid line in each of the 9 
panels. Sound speeds taken from subsequent CTD casts are shown as dashed lines 
with times given as minutes after the reference. The archived sound speed taken from 
the climatology database and profile from October 1986 are also shown as dashed lines 
in the lowest row right two panels. 

4.2    Effect of sound speed variability on inversion 

Studying all the effects of temporal and spatial sound speed variability on propaga- 
tion and inversion is beyond the scope of this paper. However, some basic analysis is 
required to make a conclusion about the importance of sound speed on the inversion 
results. To make this judgment a simple test was made. First, the sound speed la- 
beled Reference CTD#1 in Fig. 19 was used to simulate acoustic propagation from a 
source at 0.7 km and generate reference acoustic data (HF frequencies only). Next, 
each of the CTD casts taken at different times on that day and shown with dashed 
lines in Fig. 19, were used as the input to the normal mode forward propagation 
code as part of a complete inversion using the same method as outlined in Section 3. 
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Figure 20 shows the final GAbest values from these inversions. The top panel gives 
the final objective function value, eq. (4), and the lower panels give the errors in 
the final estimation of Ar3, Azs and AcliSed- The solid lines in Fig. 20 are for 
the simulated inversion results for rs = 0.7 km and the dashed line is the same for 
rs = 2.1 km. 

Consider the first seven profiles which are all taken within four hours of the Refer- 
ence sound speed. These inversion results give final parameter estimates that are 
within acceptable limits of the known true value. This holds even for the inverted 
parameters not shown in this figure. As expected, the first inversion which uses the 
correct sound speed finds all parameters with little error and the objective func- 
tion is near zero. For subsequent inversions (2-7), there is a slight degradation of 
the objective function value but the inverted parameters are found near their true 
values. Consider now, the results of the inversions using the climatology and the 
October 1986 profiles (numbers 8 and 9 in Fig. 20). The final parameter estimates 
are significantly worse. Note, the final objective function value is nearly the same 
for the 2.1 km inversion using profile 7, in comparison with the 0.7 km inversion 
using the climatology profile 8. Even with almost identical objective function val- 
ues, the inversion results are, for ciiSe(f, much worse when the climatology profile is 
used. This suggests how difficult it can be to just use the objective function value 
for estimating the quality of the inversion results. 

4.3    Layer speed and thickness sensitivity 

The differences found between some of the inversion results, has been conjectured 
here as primarily due to the range dependence of the sea-bed. Consider again, the 
differences in the inversion results for parameter c1]Set/ taken from the 0.7 km HF 
and 1.5 km LF data sets. As a sediment layer becomes thin, the acoustic inversion 
is less sensitive to it. This is exaggerated at lower frequencies as the ratio between 
layer thickness and acoustic wavelength becomes smaller. A simulated HF and LF 
inversion was made using the geo-acoustic model of Adventure Bank and the same 
search bounds and method outlined in Section 3. Table 5 gives the inversion results. 
Only the geo-acoustic parameters are listed as the geometrical parameters were very 
well determined and are of less interest here. 

Some observations can be made from these simulations. If the sediment layer be- 
comes thin especially when there is a large sound speed gradient, there can be signif- 
icant differences in sound speed estimates between HF and LF inversions. However, 
significant differences between HF and LF inversions as shown in Table 5 were elim- 
inated when hsed was increased to 20 m (not shown in Table 5). It is likely that with 
the measured data inversions, something similar to these simulations is occurring. 
Recall in Fig. 9 at range near 1.5 km from the VA the top sediment layer thins 
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SIMULATION: Source range 700 m (solid); 2100 m (dashed) 
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Figure 20 Final (GAbestj values from the inversion. The x-axis indicates the 
sound speed profile Reference number (from Fig. 19) used in the inversion. The top 
panel gives the final objective function values and below are the errors in estimating 
rsi zs and CitSed- Solid line is taken from simulated inversion results taken for 
rs — 0.7 km and dashed line for rs = 2.1 km. 

Table 5    Geo-acoustic parameter values taken from GAbest for simulated HF and 
LF inversions at 0.7 km. 

Range-Band c\,Sed (m/s) C2,sed (m/s) Cb (m/s) hsed (m) a (dB/A) p (g/cm3) 

Ground-truth 1572 1790 1812 8.0 0.74 1.43 

0.7 km, HF 1595 1771 1799 8.3 0.74 1.44 

0.7 km, LF 1675 1752 1864 9.1 0.98 1.42 
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to a few meters and the reported value for c\tSed and hsed seem to indicate the LF 
inversion does not sense the top layer. The 2.1 km inversion, however, shows a 5.7 m 
layer with a strong sound speed gradient. Although the exact parameter values dif- 
fer between these simulations and the values found by inverting the measured data, 
the behavior is similar. 
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Conclusions 

The En Verse 97 towed source experiments demonstrated the technique of using 
acoustic data taken at various source/receiver separations to estimate range depen- 
dent properties of the sea-bed. Both high (HF 200-600 Hz) and low frequency (LF 
90-300 Hz) bands were used in the inversion. Although the HF and LF data sets 
were collected on separate days and there was a variable bathymetry which required 
range dependent forward propagation modeling, these did not pose problems for the 
inversion. The results are consistent with the bottom layering and sound speeds 
estimated using standard geo-physical measurements and existing knowledge of the 
area. A wide angle seismic reflection experiment was conducted using a towed hor- 
izontal array to estimate sediment sound speed along the acoustic track. These 
values agreed with the matched-field processing (MFP) inversion results. A strik- 
ing feature in the MFP inversion results was cliSerf, the sediment sound speed at 
the water/sediment interface. This parameter changed along the track according to 
the appearance and disappearance of the surface sediment layer. The jump from 
1580 m/s for the HF inversion at 0.7 km to 1641 m/s for the LF inversion at 1.5 km 
was probably due to a combination of effects. Likely causes are both the thinning 
layer and the reduced ability to extract the sediment properties due to the lower 
frequency signals. The combination would act together to increase the sound speed 
estimate. This calls attention to an important issue in the geo-acoustic inversion. 
The parameters found which make up the geo-acoustic model are those which can 
be sensed at the frequencies transmitted. Applying the geo-acoustic parameters to 
other frequencies may result in erroneous results. Ideally, inverted acoustic data 
would contain the entire frequency band of interest. 

The inverted parameters for the Adventure Bank site were used to simulate acous- 
tic fields which were in excellent agreement with the measured fields. Using the 
averaged, inverted, geo-acoustic model the "backpropagated" fields correctly local- 
ized the position of the source. The genetic algorithm converged and the parameter 
estimates are reasonably consistent over many snapshots. And, the final inverted 
geo-acoustic model is consistent with the seismic survey data. Together this indi- 
cates the towed source MFP inversion is a promising method for determining geo- 
acoustic properties over large areas. It was asserted that a relatively recent sound 
speed profile taken in the vicinity of the experiment should be adequate for the 
MFP inversion. For inversions taken at longer ranges the sound speed may be more 
significant.  However, archived sound speed profiles did not perform well for either 
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localization or geo-acoustic inversion. Determining the effects on MFP inversion of 
stronger range dependence in the water volume and sea-bed are important areas of 
future research. 
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